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Abstract. We call monomer a B-DNA base pair and study, analytically and
numerically, electron or hole oscillations in monomers, dimers and trimers. We employ
two Tight Binding (TB) approaches: (I) at the base-pair level, using the on-site energies
of the base pairs and the hopping parameters between successive base pairs i.e. a
wire model, and (II) at the single-base level, using the on-site energies of the bases
and the hopping parameters between neighbouring bases, specifically between (a) two
successive bases in the same strand, (b) complementary bases that define a base pair,
and (c) diagonally located bases of successive base pairs, i.e. an extended ladder model
since it also includes the diagonal hoppings (c). For monomers, with TB II, we predict
periodic carrier oscillations with frequency f ≈ 50-550 THz. For dimers, with TB
I, we predict periodic carrier oscillations with f ≈ 0.25-100 THz. For trimers made
of identical monomers, with TB I, we predict periodic carrier oscillations with f ≈
0.5-33 THz. In other cases, either with TB I or TB II, the oscillations may be not
strictly periodic, but Fourier analysis shows similar frequency content. For dimers and
trimers, TB I and TB II are successfully compared giving complementary aspects of
the oscillations.
PACS numbers: 87.14.gk, 82.39.Jn, 73.63.-b
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1. Introduction
Charge transfer (CT) in biological molecules attracts recently considerable interest
among the physical, chemical, biological and medical communities. It also attracts
a broad spectrum of interdisciplinary scientists and engineers. This is because CT
constitutes the basis of many biological processes e.g. in various proteins [1] including
metalloproteins [2] and enzymes [3] with medical and bioengineering applications [4, 5].
CT plays a central role in DNA damage and repair [6, 7, 8] and it, also, might be an
indicator to discriminate between pathogenic and non-pathogenic mutations at an early
stage [9]. At least for twenty years, there have been many experimental attempts to
recognize the electronic properties of DNA cf. e.g. [10, 11, 12, 13, 14, 15]. Today we
know that many factors related to environment (the aqueous solution, the concentration
of counterions), extraction process, conducts, purity, base-pair sequence, geometry etc
influence CT in DNA. These factors can be categorized into intrinsic and extrinsic.
In this work we focus on maybe the most important of the intrinsic factors, i.e.
the effect of alternating the base (or base-bair) sequence, which affects the overlaps
across the π-stack. Additionally, we have to discriminate between the words transport
(usually implying the use of electrodes), transfer, migration (a transfer over rather long
distances). The carriers (electrons or holes) can be inserted via electrodes, generated
by UV irradiation or by reduction and oxidation. The nature of charge transport,
transfer, migration along the DNA double helix is important for many scientific fields
like physics, chemistry, biology, medicine and engineering. Although unbiased charge
transfer in DNA nearly vanishes after 10 to 20 nm [16, 17], DNA still remains a promising
candidate as an electronic component in molecular electronics, e.g. as a short molecular
wire [18]. Favouring geometries and base sequences have still to be explored e.g.
incorporation of sequences serving as molecular rectifiers, using non-natural bases or
using the triplet acceptor anthraquinone for hole injection [19]. Structural fluctuations
could be another important factor which influences quantum transport through DNA
molecular wires [20]. The contact of DNA segments with experimentally involved
surfaces and interfaces is another research direction e.g. for bio-sensoric applications.
For example, charge transfer on the contact of DNA with gold nanoparticles [21] and
polyelectrolyte multilayers [22] has been recently investigated.
During the last decade, the scientific literature has been enriched with works
studying carrier oscillations within “molecular” systems. Real-Time Time-Dependent
Density Functional Theory (RT-TDDFT) [23] simulations predicted oscillations (≈
0.1-10 PHz) within p-nitroaniline and FTC chromophore [24], as well as within
zinc porphyrin, green fluorescent protein chromophores and the adenine-thymine base
pair [25]. It was shown that in a simplified single-stranded helix of 101 bases, a collinear
uniform electric field induces THz Bloch oscillations [26]. Single and multiple charge
transfer within a typical DNA dimer in connection to a bosonic bath has been studied,
too [27]. Each base pair was approximated by a single site, as in our Tight Binding
(TB) approach at the base-pair level denoted in the present article as TB I [cf. Section 2
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and Appendix A]. In the subspace of single charge transfer between base pairs, having
initially placed the charge at the donor site and having used a “typical hopping matrix
element” of 0.2 eV, the authors obtained a period slightly greater than 10 fs. Let us call
T the period and f the frequency. Applying our equation [16, 28] f = 1
T
=
√
(2t)2+∆2
h
,
with t = 0.2 eV for the “typical hopping matrix element” and difference of the on-site
energies ∆ = 0 for identical dimers i.e. as in Ref. [27], we obtain T ≈ 10.34 fs, which
agrees splendidly with the dotted line in Fig. 4 of Ref. [27].
Recently, we studied B-DNA dimers, trimers and polymers with TB I [16, 17, 28].
This approach allowed us to readily determine the spatiotemporal evolution of holes or
electrons along a N base-pair DNA segment. With TB I, we have already shown [16, 28]
that for all dimers and for trimers made of identical monomers the carrier movement
is periodic with frequencies in the mid- and far-infrared i.e. approximately in the THz
domain [29]. This part of the electromagnetic (EM) spectrum is significant for biological
sciences because it can be used to extract complementary to traditional spectroscopic
measurements information e.g. on low-frequency bond vibrations, hydrogen bond
stretching, bond torsions in liquids and gases etc and because it is relatively non-invasive
compared to higher-frequency regions of the EM spectrum [30]. Within TB I, we also
showed that, generally, increasing the number of monomers above three, periodicity is
lost [16, 28]. Even for the simplest tetramer, the carrier movement is not periodic [31].
For periodic cases, we defined [16, 28] the maximum transfer percentage p, e.g. the
maximum probability to find the carrier at the last monomer having placed it initially
at the first monomer and the pure maximum transfer rate p
T
= pf . For all cases, either
periodic or not, the pure mean transfer rate k (cf. Eq. .20 in Appendix A) and the speed
u = kd, where d = (N − 1)× 3.4 A˚ is the charge transfer distance, can be used to
characterize the system. Within TB I, our analytical calculations and numerical results
showed that for dimers k = 2 p
T
and for trimers made of identical monomers k ≈ 1.3108 p
T
.
Using k to evaluate the easiness of charge transfer, we calculated the inverse decay
length β for exponential fits k(d) and the exponent η for power law fits k(N). Studying
B-DNA polymers and segments taken from experiments [16, 17], we determined the
ranges of values of β and η. Our TB I was used [16] to reproduce theoretical and
experimental findings for various B-DNA segments [32, 33, 34, 35, 36]. For monomer-
polymers and dimer-polymers, we studied HOMO and LUMO eigenspectra, mean over
time probabilities to find the carrier at a particular monomer and mean transfer rates, we
illustrated how increasing the number of different parameters involved in TB I, the fall of
k(d) or k(N) becomes steeper and we circumscribed the range covered by β and η [17].
Finally, both for the time-independent and the time-dependent problem, we analyzed
the palindromicity and the degree of eigenspectrum dependence of the probabilities to
find the carrier at a particular monomer [17].
As in Refs. [16, 17, 28, 31], here we call monomer a B-DNA base pair and study
carrier oscillations in dimers and trimers. Moreover, for the first time we study
monomers. However, here we employ two Tight Binding (TB) approaches: (I) at the
base-pair level, using the on-site energies of the base pairs and the hopping parameters
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between successive base pairs which is a wire model [37] (this was the approach employed
in our previous works [16, 17, 28, 31]) and (II) at the single-base level, using the on-
site energies of the bases and the hopping parameters between neighbouring bases,
specifically between (a) two successive bases in the same strand, (b) complementary
bases that define a base pair, and (c) diagonally located bases of successive base pairs,
which is an extended ladder model since it also includes the diagonal hoppings (c).
Hence, it is more elaborate than the usual ladder model [37]. Extrinsic effects, such as
the aqueousness and the presence of counterions can also be taken into account in TB
models which then can be renormalized via a decimation procedure to obtain either wire
or ladder models, like the ones presented here [38]. Inclusion of the diagonal hoppings is
essential e.g. for dimers made of identical monomers with crosswise purines cf. Section
4. Additionally, TB II allows us to study charge oscillations within monomers, which is
not possible for TB I since there a site is a base pair. A few preliminary results with TB
II have been included in Ref. [39] and in Ref. [40]. We assume that isolation of a few
consecutive B-DNA base pairs is possible, e.g. by connecting at the boundaries moieties
with very small transfer integrals with the segment of interest. The TB parameters that
we use can be found in Refs. [16, 41, 42]. We solve analytically and numerically, with
the eigenvalue method, a system of (I) N or (II) 2N coupled differential equations to
determine the spatiotemporal evolution of an extra carrier (electron or hole) along a
N base-pair DNA segment. Carriers move either between the HOMOs or between the
LUMOs of the relevant sites [(I) base pairs, (II) bases].
A legitimate critique to our theoretical predictions could be relative to a
possible comparison with the experiment. As far as we know, such experiments
in so short DNA segments (monomers, dimers, trimers) do not exist. However,
nowadays a variety of experimental techniques can be used to probe CT in biological
molecules including optical, electrochemical and scanning probe techniques such as
Electrochemical STM and Conductive AFM [4]. Another method is the femtosecond
transient absorption spectroscopy, with which one can measure the transfer rates of
photoinduced carriers (holes or electrons) in small molecular systems [43, 44]. This
method has been successfully employed in order to study single and double-stranded
DNA oligonucleotides, slightly larger than the systems studied here [45]. In our case,
we can imagine the isolation of an oligomer by putting at its end moieties with very small
hopping integral with the ends of the oligomer under investigation and subsequent use
of one of these techniques. The techniques must be in the position to probe oscillations
with frequency content in the 0.1 to 1000 THz regime i.e. time scales of 10 ps to 1
fs. Additionally, our method TB I has already been used to successfully reproduce
experimental results with longer DNA segments relative to transfer rates and mean
occupation probabilities [16].
In this work we show that for monomers TB II predicts periodic carrier oscillations
with frequency f ≈ 50-550 THz (but with very small transfer percentages), while TB
I predicts periodic carrier oscillations with f ≈ 0.25-100 THz for dimers and with f ≈
0.5-33 THz for trimers made of identical monomers. In other cases, either with TB I or
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TB II, oscillations are not strictly periodic, but Fourier analysis shows similar frequency
content. For dimers and trimers TB I and TB II give complementary aspects of the
oscillations. For dimers made of identical monomers we have large carrier transfer
and the occupation probability is equally shared between the two monomers which
constitute the dimer. For dimers made of identical monomers, if purines are crosswise to
purines, interstrand carrier transfer dominates, i.e. we have significant diagonal transfer
uncovered by TB II which includes diagonal hoppings ; if purines are on the same strand,
intrastrand carrier transfer dominates. For dimers made of different monomers, TB II
basically shows intrastrand carrier transfer (but in small percentage). In this work we
show that THz oscillations in DNA monomers, dimers and trimers exist and we study
the frequency content, the maximum transfer percentages, the transfer rates between
sites and the mean probabilities to find the carrier at a site. Hence, one could imagine
the future built of a source or receiver of EM radiation in the range 0.1 THz to 1000
THz made of tiny DNA segments.
The rest of the article is organized as follows: In Sec. 2 we outline our TB I and
TB II approaches in general terms skipping technical details, which are presented in
Appendix A. Our results for monomers, dimers and trimers are presented in Sections 3,
4 and 5, respectively. In Sec. 6 we state our conclusions.
2. General
We begin with our notation. By YX we denote two successive base pairs, according to
the convention
...
5′ 3′
Y− Ycompl
X− Xcompl
3′ 5′
...
for the DNA strands orientation. We denote by X, Xcompl, Y, Ycompl DNA bases,
where Xcompl (Ycompl) is the complementary base of X (Y). In other words, the
notation YX means that the bases Y and X of two successive base pairs are located at
the same strand in the direction 5′ − 3′. X-Xcompl is the one base pair and Y-Ycompl
is the other base pair, separated and twisted by 3.4 A˚ and 36◦, respectively, relatively
to the first base pair, along the growth axis of the nucleotide chain. For example, the
notation GT denotes that one strand contains G and T in the direction 5′ − 3′ and the
complementary strand contains C and A in the direction 3′− 5′. In the sense explained
above, we can talk for equivalent dimers i.e. YX ≡ XcomplYcompl and expand the
notion of equivalency to N -mers.
Furthermore, we suppose that an extra hole or electron inserted in a DNA segment
travels through HOMOs or LUMOs, respectively. Hence, for each base pair or monomer,
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the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) play a key role.
We utilize two Tight-Binding approximations, the main points of which are
explained below. The mathematical details are given in Appendix A. Here we merely
describe them in general terms to make the manuscript more accessible for readers from
different areas of the rather wide DNA science. In TB I the carrier is located at a base
pair and it can move to the next or to the previous base pair. Hence, this is a wire
model [46, 47]. In TB II the carrier is located at a base and it can move (1) to its
complementary base of the same base pair or (2) to the next or the previous base of
the same strand or (3) to the diagonally located base of the other strand of the next
or the previous base pair in the 5′ − 5′ or in the 3′ − 3′ direction, respectively. If we
ignore (3), this would be a ladder model [46, 47]. Here, since we also include diagonal
hoppings we call it an extended ladder model [46, 47]. It will become evident below
that in some cases (e.g. in dimers when purines are crosswise to purines) interstrand
carrier transfer dominates, in other words we have significant diagonal transfer, which
justifies the inclusion of diagonal hoppings in our model TB II. The two TB models are
explained schematically in Fig. 1. In Sections 3, 4, and 5 we show that THz oscillations
Figure 1. Our Tight-Binding approaches: TB I (left) and TB II (right).
in DNA monomers, dimers and trimers exist. We study the frequency content of these
oscillations; where necessary, we employ Fourier analysis. For periodic cases, we study
the maximum carrier transfer percentage p from an initial site to a final site, as well as
the relevant maximum transfer rate pf showing not only how fast the transfer is, but
also what the maximum carrier transfer percentage is. For all cases, either periodic or
not, we use the mean transfer rate kij, which shows not only how fast the transfer from
site i to site j is, but also what the mean carrier transfer percentage from site i to site
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j is (cf. Eq. .22).
3. Monomers
TB I cannot be used for charge transfer in monomers, since it considers a monomer as
a single site. Hence, we use TB II, supposing that initially we place the carrier at one
of the bases. We can prove that an extra hole or electron oscillates between the bases
of the two possible monomers (G-C and A-T) with frequency (or period)
f =
1
T
=
√
(2t)2 +∆2
h
, (1)
where t is the hopping integral between the complementary bases and ∆ is the energy
gap between the on-site energies of the complementary bases. Our results for A-T
and G-C, both for holes and electrons, are shown in Fig. 2, with parameters from
Ref. [41] (“HKS parametrization”) and from Ref. [42] (“MA parametrization”). For
HKS parametrization, f ≈ 50-200 THz (T ≈ 5-20 fs), for MA parametrization, f ≈ 250-
550 THz ( T ≈ 2-4 fs). These ranges correspond to wavelength λ ≈ 545 nm - 6000 nm
i.e. from visible to near-infrared and mid-infrared [29]. We can prove that the maximum
transfer percentage p [e.g. max (|B1(t)|2) for initial conditions A1(0) = 1, B1(0) = 0 or
vice versa], is given by
p =
(2t)2
(2t)2 +∆2
. (2)
We observe that the carrier is not very likely to be transferred between the monomer
bases (p is very small in all cases). The pure maximum transfer rate defined as pf is
also here very small in all cases. The pure mean transfer rate k is also shown. It can
be analytically proven and numerically shown that here k = 2pf . T , f , p, pf and k
do not depend on which base the carrier is initially placed at. A snapshot of electron
oscillations between G and C in G-C, according to the HKS parametrization, is given
in Fig. 3.
This is a two-level system of given stationary states (the two HOMOs or the two
LUMOs) with a “perturbation” represented by the hopping integral, which impels an
extra carrier to oscillate between these stationary states. Mathematically, the problem is
equivalent to a two-level system (e.g. atom) under the influence of an electric field, which
impels an electron to oscillate between the two eigenstates [semiclassical approach after
Rotating Wave Approximation or the time-dependent problem with a Jaynes-Cummings
Hamiltonian in a full quantum mechanical approach]. These problems are well known
in the context of quantum optics [48]. The same applies to the dimer problem within
TB I discussed briefly below. Increasing the number of monomers which make up
the DNA segment, either with TB I or TB II, we have to solve generalizations of the
above mentioned problem. In other words, to determine the spatiotemporal evolution of
electrons or holes along a N base-pair DNA segment, we have to solve a system of (I) N
or (II) 2N coupled differential equations. The relevant matrices A are given in Appendix
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Figure 2. Charge oscillations in A-T and G-C according to the TB single-base
approach II: period T , frequency f , maximum transfer percentage p, pure maximum
transfer rate pf and pure mean transfer rate k. 1st row: TB parameters from Ref. [41]
(HKS parametrization). 2nd row: TB parameters from Ref. [42] (MA parametrization).
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Figure 3. Electron oscillations within G-C, according to TB single-base approach II
and HKS parametrization.
B. For N base pairs, the system has N states within TB I, or 2N states within TB II.
Thus, in this work, for TB I we examine systems composed of two (dimers) or three
(trimers) states, while for TB II we examine systems composed of two (monomers), four
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(dimers) or six (trimers) states.
4. Dimers
The possible dimers result from permutations with repetition of two out of the four bases
taking additionally into account that at the base located in helix σ = 1 corresponds
always its complementary base in helix σ = 2 . The number of possible permutations
with repetition is PR(4, 2) = 42 = 16. However, six of them are equivalent to other six
i.e. GG≡CC, AA≡TT, AG≡CT, AC≡GT, TG≡CA, TC≡GA. Hence, the possible
dimers are 10. Recently, with TB I, we proved that the carrier movement in all
dimers is strictly periodic [16, 28, 31]. The frequencies (or periods) are given by Eq. 1,
where, now t is the hopping integral between the base pairs and ∆ is the energy gap
between the on-site energies of the base pairs. Using the TB parameters of Ref. [16],
we found [16, 28, 31] f ≈ 0.25-100 THz, i.e. T ≈ 10-4000 fs, i.e. wavelength λ ≈
3-1200 µm, in other words mainly in the MIR and the FIR range [29]. We found that
the maximum transfer percentage p = 1 for dimers made of identical monomers, but
p < 1 for dimers made of different monomers and that the values of f, T, p, pf, k do
not depend on which of the two monomers the carrier is initially placed at (cf. also
Eq. .18). The HKS parametrization [41] results in the same frequency range, although,
the predicted frequencies vary slightly due to the different values of the TB parameters
(a summarizing graph is given in Fig. 4).
Let us now compare TB approaches I and II relatively to the frequency content.
Using TB II, one cannot strictly determine periodicity in the carrier movement between
the four bases. Hence, f, T, p, pf cannot be defined, but Fourier analysis shows similar
frequency content in the THz domain, cf. Appendix C, where we depict the Fourier
spectra given by Eq. .19, within TB II and HKS parametrization [41].
Let us start with GG, a dimer made of identical monomers with purines on purines
(Fourier spectra in Appendix C, Fig. 1). If we initially place the hole at A1(G) or
A2(G), we obtain the main Fourier amplitude at f ≈ 30 THz. If we initially place the
hole at B1 (C) or B2 (C), we obtain the main Fourier amplitude at f ≈ 32 THz. The
rest of the frequencies show up with almost negligible amplitudes. These results are in
accordance with TB I and HKS parametrization [41] where for the GG dimer we obtain
f ≈ 30 THz. With TB I and the parametrization of Refs. [16, 28] we had obtained f ≈
48 THz [16, 28]. The amplitudes at the main frequencies are ≈ 0.5, in accordance with
Eq. (.19), expressing the fact that for GG the mean probability to find the hole at a
base is, approximately, almost exclusively, equally divided between the base the carrier
was initially placed at and the other base of the same strand, cf. also Fig. 7 below.
Let us now continue with GC, a dimer made of identical monomers with crosswise
purines (Fourier spectra in Appendix C, Fig. 2). If we initially place the hole at A1(G)
or B2(G), we obtain the main Fourier amplitude at f ≈ 0.3 THz. If we initially place
the hole at B1 (C) or A2 (C), we obtain the main Fourier amplitude peak at f ≈ 1.6
THz. The rest of the frequencies show up with almost negligible amplitudes. These
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Figure 4. Charge oscillations in all possible dimers according to the TB base-pair
approach I and the HKS parametrization [41]: period T , frequency f , maximum
transfer percentage p, pure maximum transfer rate pf and pure mean transfer rate
k. It can be analytically proven and numerically shown that here k = 2pf .
results are in accordance with TB I and HKS parametrization [41] where for the GC
dimer we obtain f ≈ 0.5 THz. With TB I and the parametrization of Refs. [16, 28] we
had obtained f ≈ 4.8 THz [16, 28]. The amplitudes at the main frequencies are ≈ 0.5,
in accordance with Eq. .19, expressing the fact that for GC the mean probability to find
the hole at a base is, approximately, almost exclusively, equally divided between the
base the carrier was initially placed at and the diagonally located base at the opposite
strand, cf. also Fig. 7 below.
Let us finish with CT, a dimer made of different monomers (Fourier spectra in
Appendix C, Fig. 3). The main Fourier amplitude is at f ≈ 70.75 THz, if the hole
is initially placed at C or T, otherwise hole transfer is negligibly small. Within TB I
and the HKS parametrization [41], for the CT dimer we obtain f ≈ 72.5 THz. With
TB I and the parametrization of Refs. [16, 28] we had obtained f ≈ 74 THz [16, 28].
The amplitudes at the main frequencies are ≈ 0.25, when the hole is initially placed
at C or T and tiny when the hole is initially placed at G or A, in accordance with
Eq. .19, expressing the fact that for CT the mean probability to find the hole at a base
is approximately 0.75 at the base the carrier was initially placed at and approximately
0.25 at the other base of the same strand when these bases are C and T, but, hole
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transfer is negligibly small when the hole is initially placed at G or A, cf. also Fig. 7
below.
Examples of snapshots of hole oscillations in GG, GC and CT dimers, according to
the HKS parametrization and TB II, are given in Fig. 5.
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Figure 5. From top to bottom: Hole oscillations within the GG dimer, the GC
dimer and the CT dimer, according to the TB single-base approach II and the HKS
parametrization. Continuous black (dashed red) lines correspond to the 1st (2nd) base
pair.
Hence, generally, both TB approaches, independently of the specific parametriza-
tion, predict oscillations in the same THz range. The little differences arise from
Wire and extended ladder model predict THz oscillations... 12
the specific values used for the on-site energies and the hopping parameters in each
parametrization.
TB approaches I and II allow us to determine the mean probability to find
the carrier at a site [base pair for I, base for II]. A comparison between the mean
probabilities obtained with TB approaches I and II is shown in Fig. 6, using the HKS
parametrization [41]. Comparing the two TB approaches e.g. looking at Fig. 6, but also
focusing on TB II e.g. looking at Figs. 7-8 below, we reach the following conclusions: (a)
Carrier transfer is large in dimers made of identical monomers: Finally, the probability
is equally shared between the two monomers which make up the dimer. (b) For dimers
made of identical monomers, if purines are crosswise to purines, the carrier changes
strand (from strand 1 to strand 2 or vice versa), while if purines are on the same
strand, the carrier is transferred through the strand it was initially placed at. (c) For
dimers made of different monomers, the carrier is transferred (albeit in small percentage)
mainly through the strand it was initially placed at. Hence, carrier transfer is very
small in dimers made of different monomers. The carrier basically remains in the base
it was initially placed at, while a small percentage passes to the other base of the same
strand. A careful inspection in Figs. 1, 2 and 3 shows that the Fourier analysis confirms
conclusions (a),(b),(c). For TB I, in Refs. [16, 28, 17, 31], we used a somehow different
set of TB parameters, the results are similar.
Let us now turn our discussion to carrier mean transfer rates kij , within TB II and
the HKS parametrization [41], cf. Fig. 9. The specific values of kij depend, of course,
on the TB hopping parameters used [40]. Let us call kij the mean transfer rates of a
dimer YX and kcomplij the mean transfer rates of the equivalent dimer XcomplYcompl. The
following two properties hold:
kij = kji, (3)
kij = k
compl
(5−i)(5−j). (4)
For dimers made of identical monomers with purine on purine (GG≡CC, AA≡TT),
hole transfer is almost entirely of intrastrand character i.e. it is along the 5′-3′ or 3′-5′
directions. Moreover, since k13 and k24 satisfy Eq. 4, in Fig. 9 we observe a symmetry in
the alternation of colors for the couples of equivalent dimers GG≡CC and AA≡TT. For
dimers made of identical monomers with crosswise purines (CG, GC, TA, AT), there
is significant diagonal hole transfer, and furthermore, for CG and TA the stronger hole
transfer is along the 3′-3′ direction. For dimers made of different monomers (AG≡CT,
AC≡GT, TG≡CA, TC≡GA), hole transfer is almost exclusively of intrastrand character
i.e. along the 5′-3′ or 3′-5′ directions; since k13 and k24 satisfy Eq. 4, we observe the same
symmetry in the alternation of colors. For the couple TG≡CA, although k13 and k24 are
the biggest among all other kij, they are very small. Electron transfer in dimers made of
identical monomers with purine on purine (GG≡CC, AA≡TT) is qualitatively similar
to hole transfer in such dimers. For dimers made of identical monomers with crosswise
purines (GC, CG, AT, TA) electron transfer is slightly different than hole transfer in such
dimers in the sense that diagonal channels are important but are not, quantitatively,
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Figure 6. The mean probabilities to find an extra carrier [hole (1st row) or electron
(2nd row)] at each site of a DNA dimer, as determined with (I) the base-pair TB
approach (left column) and (II) the single-base TB approach (right column). For TB
I, the carrier is initially placed at the 1st monomer, while, for TB II, it is initially
placed at the base of the 1st monomer that belongs to the 1st strand. We use the HKS
parametrization [41].
identically important. Electron transfer in dimers made of different monomers has a
significant intrastrand character, but there is also intra-base-pair character in some
cases. For the same reasons described above, we observe symmetry in color alternation
for kij of equivalent dimers.
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the HKS parametrization [41].
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We use the HKS parametrization [41].
Wire and extended ladder model predict THz oscillations... 16
GG CC GC CG AA TT AT TA
0
20
40
60
80
100
120
0
20
40
60
80
100
120
 k12
 k13
 k14
 k23
 k24
 k34
 HOMO
k ij
 (T
H
z)
dimer
identical monomers
AG CT AC GT TG CA TC GA
0
20
40
60
80
100
120
0
20
40
60
80
100
120
different monomers
 k12
 k13
 k14
 k23
 k24
 k34
 HOMO
k ij
 (T
H
z)
dimer
GG CC GC CG AA TT AT TA
0
20
40
60
80
100
120
0
20
40
60
80
100
120
identical monomersLUMO
 k12
 k13
 k14
 k23
 k24
 k34
 
k ij
 (T
H
z)
dimer
AG CT AC GT TG CA TC GA
0
20
40
60
80
100
120
0
20
40
60
80
100
120
different monomers
 k12
 k13
 k14
 k23
 k24
 k34
 LUMO
k ij
 (T
H
z)
dimer
Figure 9. Mean transfer rates kij between bases i and j either for HOMO (hole
transfer, 1st row) or for LUMO (electron transfer, 2nd row), for all dimers, within TB
approach II and the HKS parametrization [41]. The 1st column corresponds to dimers
made of identical monomers and the 2nd row to dimers made of different monomers.
Wire and extended ladder model predict THz oscillations... 17
5. Trimers
Let us now compare TB I and TB II in trimers made of identical monomers. Using
TB I we proved [16, 28] that in trimers made of identical monomers an extra carrier
oscillates periodically with
f =
1
T
=
√
t2 + t′2
h
, (5)
where t, t′ are the hopping integrals between the base pairs (when all purines are on the
same strand, t = t′). With the parametrization of Refs. [16, 28], we found f ≈ 0.5-33
THz (T ≈ 30-2000 fs) [28]; with the parametrization of Ref. [41], we find f ≈ 0.5-21 THz
(T ≈ 48-2000 fs). In other words, for trimers made of identical monomers, the frequency
range is narrower than for dimers. For 0 times crosswise purines, the maximum transfer
percentage p = 1, while for 1 or 2 times crosswise purines p < 1 [16, 28]. TB II in
trimers, generally, does not allow one to strictly determine periodicity; T, f, p, and pf
cannot be defined. However, Fourier analysis shows similar frequency content. (Specific
examples are given in Appendix C, where we present Fourier analysis of hole oscillations
in two trimers made of identical monomers: GGG in Fig. 4 and GCG in Fig. 5.) For
hole transfer in GGG, within TB I and the parametrization of Refs. [16, 28], we found
f ≈ 34.2 THz; now with the HKS parametrization [41], we find f ≈ 21.2 THz. This is in
remarkable agreement with the frequencies obtained by Fourier Transform, within TB
II and HKS parametrization [41] shown in Fig. 4. Specifically, e.g. for initial placement
of the hole at base A1(G), the main frequencies are around 21.2 THz (a double peak)
and 42.4 THz (a single peak), while, e.g. for initial placement of the hole at base B1(C),
the main frequencies are around 22.5 THz (a double peak) and 45 THz (a single peak).
In other words, for hole transfer in GGG, within the HKS parametrization, the period
predicted by TB I agrees with the approximate period predicted by TB II. The mean
probabilities to find an extra carrier at a base and the mean transfer rates in GGG and
AAA, within TB II and HKS parametrization [41], are shown in Fig. 10. We observe that
the carrier movement is almost exclusively of intrastrand character, a fact also evident
from the Fourier analysis in Fig. 4. Remarkably, with TB II, the probabilities to find the
carrier at each base pair are either ≈ 0.375, 0.25, 0.375 or ≈ 0.25, 0.5, 0.25 depending on
the initial placement of the carrier, in agreement with the rules established in Ref. [17]
for TB I. The mean transfer rates kij confirm the intrastrand character of charge transfer
in GGG and AAA. For hole transfer in GCG, within the HKS parametrization [41], TB
I and TB II give similar results, indicating rather weak transfer. For example, placing
the hole initially at the first base pair for TB I or placing the hole initially at the first
base for TB II, the probability to find the hole at the first base pair is ≈ 0.9990 for TB
I and 0.9848 for TB II and at the last base pair ≈ 0.0008 for TB I and 0.0006 for TB II.
This is mirrored in the very small Fourier amplitudes for GCG (Appendix C, Fig. 5).
Within TB I, for trimers made of different monomers, carrier movement may be
non-periodic [16, 28]. Within TB I, generally, increasing the number of monomers
above three, the system becomes more complex and periodicity is lost [28]; even in
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the simplest cases, e.g. tetramers made of identical monomers with all the purines on
the same strand, there is no periodicity [31]. Within TB II, as mentioned before, in
trimers, generally, periodicity cannot be strictly determined. As a last point, we restrict
ourselves in giving (Appendix C, Fig. 5) two examples of the frequency content of hole
oscillations in trimers made of different monomers, specifically in CAC and CTC.
6. Conclusion
Using two TB approaches, a wire model called here TB I, where a site coincides with a
DNA base pair, and an extended (i.e. including also diagonal hoppings) ladder model
called here TB II, where a site coincides with a DNA base, we demonstrated that THz
oscillations in DNA monomers, dimers and trimers exist. We studied various aspects
of the effect, e.g. frequency content, maximum transfer percentages and transfer rates
between sites, and mean probabilities to find the carrier at a particular site. We also
compared successfully the two TB approaches. Naturally, TB II allows for greater detail.
For DNA monomers, i.e. for adenine-thymine and guanine-cytosine, with TB II,
we predicted electron or hole oscillations in the range f ≈ 50-550 THz (T ≈ 2-20 fs),
i.e. λ ≈ 545 nm - 6 µm, from visible to near- and mid infrared [29]. We found that the
maximum transfer percentage p and the pure maximum transfer rate pf between the
bases are very small.
For DNA dimers, with TB I, we predicted electron or hole oscillations in the range
f ≈ 0.25-100 THz (T ≈ 10-4000 fs) i.e. λ ≈ 3-1200 µm, approximately in the mid- and
far-infrared. For dimers made of identical monomers the maximum transfer percentage
p = 1, but for dimers made of different monomers p < 1. With TB II, the carrier
oscillations are not strictly periodic but the frequency content is similar to that predicted
with TB I. For the mean probabilities to find the carrier at a particular site, the two
approaches give coherent, complementary results. TB II shows that for dimers made of
identical monomers, when purines are crosswise to purines, interstrand carrier transfer
dominates, i.e. we have significant diagonal transfer, justifying the inclusion of diagonal
hoppings in our model, while if purines are on the same strand, intrastrand carrier
transfer dominates. For dimers made of different monomers, we carrier transfer is mainly
intrastrand character but the transfer percentage is small.
With TB I, for trimers made of identical monomers, the carrier oscillates
periodically with f ≈ 0.5-33 THz (T ≈ 30-2000 fs) if we use the parametrization of
Refs. [16, 28]. With the HKS parametrization [41], f ≈ 0.5-21 THz. For 0 times
crosswise purines p = 1, for 1 or 2 times crosswise purines p < 1. With TB II, the
carrier oscillations are not strictly periodic but the frequency content is similar to that
predicted with TB I. For the mean probabilities to find the carrier at a particular site,
the two approaches give coherent, complementary results.
Finally, we would like to mention that increasing the number of monomers, i.e. con-
structing an oligomer or a polymer, the frequency spectrum becomes more fragmented
and moves towards lower frequencies. A systematic study of longer segments is beyond
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Figure 10. GGG and AAA trimers within TB approach II and HKS
parametrization [41]. Upper panels: Mean probabilities to find the carrier at each base
after having placed it initially at a particular base. 100000 means that the carrier was
initially placed at base A1, 010000 at base B1 etc (e.g. for GGG the bases are A1(G),
B1(C), A2(G), B2(C), A3(G), B3(C)). The carrier movement is almost exclusively
of intrastrand character. The probabilities to find the carrier at each base pair are
either ≈ 0.375, 0.25, 0.375 or ≈ 0.25, 0.5, 0.25 depending on the initial placement of
the carrier, which agrees remarkably with the rules established in Ref. [17] for TB I.
Lower panel: The mean transfer rates kij from base i to base j. The arrows indicate
intrastrand transfer from the strand start to the strand end.
the scope of the present manuscript. It seems that a source or receiver of electromagnetic
radiation made of DNA monomers, dimers or trimers, with frequencies from fractions
of THz to just below PHz, could be envisaged.
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Appendix A According to TB I [description at the base-pair level] the HOMO or
LUMO wave function of a given DNA segment, made of N base pairs, ΨDNA(r, t), is
considered as a linear combination of the base-pair wave functions Ψµbp(r) with time-
dependent coefficients
ΨDNA(r, t) =
N∑
µ=1
Aµ(t) Ψ
µ
bp(r). (.1)
|Aµ(t)|2 gives the probability of finding the carrier (hole for HOMO, electron for LUMO)
at base pair µ. Using the time-dependent Schro¨dinger equation,
i~
∂ΨDNA(r, t)
∂t
= HDNAΨDNA(r, t), (.2)
we find that the time evolution of the coefficients Aµ(t) obeys the system of equations [41]
i~
dAµ
dt
= EµAµ + t
µ,µ−1Aµ−1 + t
µ,µ+1Aµ+1, (.3)
where Eµ, µ = 1, 2, ...N are the HOMO or LUMO on-site energies of the base pairs,
and tµ,µ
′
are the HOMO or LUMO hopping integrals between two nearest neighbouring
base pairs µ and µ′.
According to TB II [description at the single-base level] ΨDNA(r, t) is derived from
the single-base wave functions, according to the expression
ΨDNA(r) =
N∑
µ=1
[Aµ(t)Ψ
µ,1
b (r) +Bµ(t)Ψ
µ,2
b (r)] (.4)
where Ψµ,σb , σ = 1, 2 and µ = 1, 2, ..N , is the wave function of the base at the µ-th base
pair and in the σ-th strand. |Aµ(t)|2, |Bµ(t)|2 give the probability to find the carrier
at the base of strand 1 and 2, respectively, of the µ-th base pair. Again, using the
time-dependent Schro¨dinger equation i.e. Eq. .2, we find that in this case, the system
of equations is [41]
i~
dAµ
dt
=Eµ,1Aµ + t
µ,1;µ,2Bµ + t
µ,1;µ−1,1Aµ−1 + (.5)
tµ,1;µ+1,1Aµ+1 + t
µ,1;µ−1,2Bµ−1 + t
µ,1;µ+1,2Bµ+1,
i~
dBµ
dt
=Eµ,2Bµ + t
µ,2;µ,1Aµ + t
µ,2;µ−1,2Bµ−1 + (.6)
tµ,2;µ+1,2Bµ+1 + t
µ,2;µ−1,1Aµ−1 + t
µ,2;µ+1,1Aµ+1.
Eµ,σ are the HOMO or LUMO on-site energies of the base at the µ-th base pair
and in the σ-th strand, and tµ,σ;µ
′,σ′ are the HOMO or LUMO hopping parameters
between neighbouring bases, i.e. between (a) two successive bases in the same strand,
(b) complementary bases that define a base pair, and (c) diagonally located bases of
successive base pairs.
To determine the temporal and spatial evolution of electrons or holes along a N
base-pair DNA segment, we solve the system of (I) N or (II) 2N coupled differential
equations i.e. Eq. .3 or Eqs. .5-.6, respectively, with the eigenvalue method, which is
Wire and extended ladder model predict THz oscillations... 22
explained below. TB II allows us to examine the system in higher detail than with TB
I, but TB I uses a smaller number of parameters and it is readily implemented.
To solve Eq. .3 for TB I or Eqs. .5-.6 for TB II, we define the vector matrix
~x(t) =


A1(t)
A2(t)
...
AN(t)

 for TB I or ~x(t) =


A1(t)
B1(t)
...
AN (t)
BN(t)


for TB II (.7)
and therefore Eq. .3 for TB I or Eqs. .5-.6 for TB II become
~˙x(t) = A˜~x(t), (.8)
where we can define
A˜ = − i
~
A. (.9)
A is the TB hamiltonian matrix. We solve Eq. .8 via the eigenvalue method, i.e., we
look for solutions of the form
~x(t) = ~veλ˜t ⇒ ~˙x(t) = λ˜~veλ˜t. (.10)
Hence, Eq. .8 reads
A˜~v = λ˜~v, (.11)
or
A~v = λ~v, (.12)
λ˜ = − i
~
λ. (.13)
In other words, we have to solve an eigenvalue problem. The order of the matrices A˜
or A is N for TB I or 2N for TB II. The matrices A for TB I and TB II are shown in
Appendix B. Already, we called µ the base-pair index i.e. µ = 1, 2, . . . , N and σ the
strand index i.e. σ = 1 or σ = 2. Then, the base index β(µ, σ) = 2(µ − 1) + σ and
β = 1, 2, 3, 4, . . .2N − 1, 2N . Schematically,
µ σ β
1 1 1
1 2 2
2 1 3
2 2 4
...
...
...
(.14)
Having checked that the normalized eigenvectors ~vk corresponding to the eigenvalues λk
of Eq. .12 are linearly independent, the solution of our problem is
~x(t) =
MD∑
k=1
ck~vke
− i
~
λkt. (.15)
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where MD is the A matrix dimension, i.e., N for TB I or 2N for TB II.
If we initially place the carrier at the first base pair (TB I) or if we initially place
the carrier at the first base pair either at strand 1 or at strand 2 (TB II), then, the
initial conditions would be
~x(0)=


A1(0)
A2(0)
...
AN (0)

=


1
0
...
0

 (TB I) or ~x(0)=


A1(0)
B1(0)
...
AN(0)
BN (0)


=


1
0
...
0
0


or


0
1
...
0
0


(TB II), (.16)
respectively. Other initial conditions could be similarly defined. From the initial
conditions we determine the coefficients ck. Using i = 1, 2, . . . ,MD as a generic
index for either µ in TB I or β in TB II, for initial placement of the extra carrier
at a site i, we can show analytically that ck = vik, where vik is the i-th component
of the eigenvector ~vk. Generally, the Hamiltonians describing equivalent N -mers are
related with a similarity transformation, hence, they have the same eigenvalues and
their eigenvectors are connected by vN-merik = v
equiv N-mer
(MD−i+1)k.
In TB I, the mean over time probability to find the extra carrier at base pair µ is
〈|Aµ(t)|2〉, while, in TB II, the mean over time probability to find the extra carrier at
the 1st strand base of base pair µ is 〈|Aµ(t)|2〉 and at the 2nd strand base of base pair
µ is 〈|Bµ(t)|2〉). Using Ci(t), i = 1, 2, . . . ,MD, as a generic symbol for either Aµ(t) in
TB I or Aµ(t) and Bµ(t) in TB II, we can show analytically that the mean over time
probability to find the carrier at a site i is given by
〈|Ci(t)|2〉 =
MD∑
k=1
c2kv
2
ik. (.17)
Furthermore, supposing that the eigenvalues are arranged in ascending order, i.e.
λ1 < λ2 < . . . < λMD, the frequencies or periods involved in charge transfer are
fkk′ =
1
Tkk′
=
λk − λk′
h
, ∀k > k′. (.18)
We can analytically show that the one-sided Fourier spectrum for the probability |Ci(t)|2
is given by
|Fi(f)| =
MD∑
k=1
c2kv
2
ikδ(f) + 2
MD∑
k′=1
MD∑
k>k′
|ckck′vikvik′|δ(f − fkk′). (.19)
Within TB I, an estimation of the transfer rate can be obtained [16] as follows: Let’s
suppose that initially we place the carrier at the first monomer. Then, |A1(0)|2 = 1,
while all other |Aj(0)|2 = 0, j = 2, . . . , N . Hence, for a polymer consisting of N
monomers, a pure mean transfer rate can be defined as
k =
〈|AN(t)|2〉
tNmean
, (.20)
where tNmean is the first time |AN(t)|2 becomes equal to 〈|AN(t)|2〉 i.e. “the mean
transfer time”. An analogous definition can be given within TB II. Suppose that initially
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we place the carrier at a given base, then, e.g. |A1(0)|2 = 1, while all other |Aj(0)|2 = 0,
j = 2, . . . , N and all |Bj(0)|2 = 0, j = 1, . . . , N . Then, if we are interested in 〈|AN(t)|2〉
or 〈|BN(t)|2〉, we can define
k =
〈|AN(t)|2〉
tNmean
or
〈|BN(t)|2〉
tNmean
(.21)
where “the mean transfer time” tNmean is the first time |AN(t)|2 becomes equal to
〈|AN(t)|2〉 or the first time |BN(t)|2 becomes equal to 〈|BN(t)|2〉, respectively. It is
possible to give a more general definition either for TB I or TB II. From an initial base
pair in TB I or base in TB II, i, to a final base pair in TB I or base in TB II, j,
kij =
〈|Cj(t)|2〉
tjmean
, (.22)
where |Ci(0)|2 = 1 and all other |Cℓ 6=i(0)|2 = 0.
Appendix B For TB (I), the matrix A is a symmetric tridiagonal matrix, i.e.,
A =


Ebp(1) tbp(1;2) 0 · · · 0 0 0
tbp(2;1) Ebp(2) tbp(2;3) · · · 0 0 0
...
...
...
...
...
...
...
0 0 0 · · · tbp(N−1;N−2) Ebp(N−1) tbp(N−1;N)
0 0 0 · · · 0 tbp(N ;N−1) Ebp(N)


.(.1)
For TB II, the matrix A has a different form, i.e.,
A =


Eb(1) tb(1,2) tb(1,3) tb(1,4)
tb(2,1) Eb(2) tb(2,3) tb(2,4)
tb(3,1) tb(3,2) Eb(3) tb(3,4)
tb(4,1) tb(4,2) tb(4,3) Eb(4)

 (for dimers) (.2)
A =


Eb(1) tb(1,2) tb(1,3) tb(1,4) 0 0
tb(2,1) Eb(2) tb(2,3) tb(2,4) 0 0
tb(3,1) tb(3,2) Eb(3) tb(3,4) tb(3,5) tb(3,6)
tb(4,1) tb(4,2) tb(4,3) Eb(4) tb(4,5) tb(4,6)
0 0 tb(5,3) tb(5,4) Eb(5) tb(5,6)
0 0 tb(6,3) tb(6,4) tb(6,5) Eb(6)


(for trimers) (.3)
A =


Eb(1) tb(1,2) tb(1,3) tb(1,4) 0 0 0 0
tb(2,1) Eb(2) tb(2,3) tb(2,4) 0 0 0 0
tb(3,1) tb(3,2) Eb(3) tb(3,4) tb(3,5) tb(3,6) 0 0
tb(4,1) tb(4,2) tb(4,3) Eb(4) tb(4,5) tb(4,6) 0 0
0 0 tb(5,3) tb(5,4) Eb(5) tb(5,6) tb(5,7) tb(5,8)
0 0 tb(6,3) tb(6,4) tb(6,5) Eb(6) tb(6,7) tb(6,8)
0 0 0 0 tb(7,5) tb(7,6) Eb(7) tb(7,8)
0 0 0 0 tb(8,5) tb(8,6) tb(8,7) Eb(8)


(for tetramers)(.4)
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and so on.
Appendix C
We present the Fourier Analysis Figures mentioned in the main text.
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Figure 1. Fourier analysis, within TB approach II and HKS parametrization [41],
of the GG dimer. A hole is placed initially at a base and we depict the frequency
spectrum at all bases, A1(G), B1(C), A2(G), B2(C).
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Figure 2. Fourier Analysis, within TB approach II and HKS parametrization [41],
of the GC dimer. A hole is placed initially at a base and we depict the frequency
spectrum at all bases, A1(G), B1(C), A2(C), B2(G).
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Figure 3. Fourier Analysis, within TB approach II and HKS parametrization [41],
of the CT dimer. A hole is placed initially at a base and we depict the frequency
spectrum at all bases, A1(C), B1(G), A2(T), B2(A).
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Figure 4. Fourier analysis, within TB approach II and HKS parametrization [41], of
hole transfer in the GGG trimer. A hole is placed initially at a base and we depict the
frequency spectrum at all bases, A1(G), B1(C), A2(G), B2(C), A3(G), B3(C).
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Figure 5. Fourier analysis, within TB approach II and HKS parametrization [41], of
the GCG, CAC, CTC trimers for initial placement of a hole at base A1.
Wire and extended ladder model predict THz oscillations... 30
References
[1] C.C. Page, C.C Moser and P. Leslie Dutton, Mechanism for electron transfer within and between
proteins, Current Opinion in Chemical Biology 7 (2003) 551.
[2] H.B. Gray and J.R. Winkler, Electron flow through metalloproteins, Biochimica et Biophysica
Acta 1797 (2010) 1563.
[3] C.C. Moser, J.L. Ross Anderson, P. Leslie Dutton, Guidelines for tunneling in enzymes, Biochimica
et Biophysica Acta 1797 (2010) 1573.
[4] J. M. Arte´s, M. Lo´pez-Mart´ınez, I. Dı´ez-Pe´rez, F. Sanz and P. Gorostiza, Nanoscale charge transfer
in redox proteins and DNA: Towards biomolecular electronics, Electrochimica Acta 140 (2014)
83.
[5] A.M. Kannan, V. Renugopalakrishnan, S. Filipek, P. Li, G.F. Audette, and L. Munukutla, Bio-
Batteries and Bio-Fuel Cells: Leveraging on Electronic Charge Transfer Proteins, J. Nanosci.
Nanotechnol. 9 (2009) 1665.
[6] P.J. Dandliker, R. Erik Holmlin, J.K. Barton, Oxidative Thymine Dimer Repair in the DNA Helix,
Science 275 (1997) 1465.
[7] S.R. Rajski, B.A. Jackson, J.K. Barton, DNA repair: models for damage and mismatch recognition,
Mutation Research 447 (2000) 49.
[8] B. Giese, Electron transfer through DNA and peptides, Bioorganic & Medicinal Chemistry 14
(2006) 6139.
[9] C.-T. Shih, Y.-Y. Cheng, S.A. Wells, C.-L. Hsu, R.A. Ro¨mer, Charge transport in cancer-related
genes and early carcinogenesis, Computer Physics Communications 182 (2011) 36.
[10] A.J. Storm, J. van Noort, S. de Vries, and C. Dekker, Insulating behavior for DNA molecules
between nanoelectrodes at the 100 nm length scale, Appl. Phys. Lett. 79 (2001) 3881
[11] D. Porath, A. Bezryadin, S. De Vries, and C. Dekker, Direct measurement of electrical transport
through DNA molecules, Nature 403 (2000) 635.
[12] H. Cohen, C. Nogues, R. Naaman, and D. Porath, Direct measurement of electrical transport
through single DNA molecules of complex sequence, Proc. Nat. Acad. Sci. 102 (2005) 11589.
[13] K.-H. Yoo, D.H. Ha, J.-O. Lee, J.W. Park, J. Kim, J.J. Kim, H.-Y. Lee, T. Kawai, and H.Y. Choi,
Electrical Conduction through Poly(dA)-Poly(dT) and Poly(dG)-Poly(dC) DNA Molecules,
Phys. Rev. Lett. 87 (2001) 198102.
[14] H.-W. Fink and C. Scho¨nenberger, Electrical conduction through DNA molecules, Nature 398
(1999) 407.
[15] B. Xu, P. Zhang, X. Li, and N. Tao, Direct Conductance Measurement of Single DNA Molecules
in Aqueous Solution, Nano Lett. 4 (2004) 1105.
[16] C. Simserides, A systematic study of electron or hole transfer along DNA dimers, trimers and
polymers, Chem. Phys. 440 (2014) 31.
[17] K. Lambropoulos, M. Chatzieleftheriou, A. Morphis, K. Kaklamanis, M. Theodorakou, and C.
Simserides, Unbiased charge oscillations in B-DNA: Monomer polymers and dimer polymers,
Phys. Rev. E 92 (2015) 032725.
[18] C.H. Wohlgamuth, M.A. McWilliams, and J.D. Slinker, DNA as a Molecular Wire: Distance and
Sequence Dependence, Anal.Chem. 85 (2013) 8634.
[19] F.D. Lewis, M.R. Wasielewski, Dynamics and efficiency of photoinduced charge transport in DNA:
Toward the elusive molecular wire, Pure and Applied Chemistry 85 (2013) 1379.
[20] R. Gutirrez, R. Caetano, P.B. Woiczikowski, T. Kubar, M. Elstner and G. Cuniberti, Structural
fluctuations and quantum transport through DNA molecular wires: a combined molecular
dynamics and model Hamiltonian approach, New Journal of Physics 12 (2010) 023022.
[21] M.H. Abouzar, A. Poghossian, A.G. Cherstvy, A.M. Pedraza, S. Ingebrandt, and M.J. Scho¨ning,
Label-free electrical detection of DNA by means of field-effect nanoplate capacitors: Experiments
and modeling, Phys. Status Solidi A 209, 925 (2012).
[22] A. Poghossian, M. Weil, A.G. Cherstvy, M.J. Scho¨ning, Electrical monitoring of polyelectrolyte
Wire and extended ladder model predict THz oscillations... 31
multilayer formation by means of capacitive field-effect devices, Anal. Bioanal. Chem. 405, 6425
(2013).
[23] J. Theilhaber, Ab initio simulations of sodium using time-dependent density-functional theory
Phys. Rev. B 46 (1992) 12990.
[24] Y. Takimoto, F.D. Vila and J.J. Rehr, Real-time time-dependent density functional theory
approach for frequency-dependent nonlinear optical response in photonic molecules, J. Chem.
Phys. 127 (2007) 154114.
[25] K. Lopata and N. Govind, Modeling Fast Electron Dynamics with Real-Time Time-Dependent
Density Functional Theory: Application to Small Molecules and Chromophores, J. Chem.
Theory Comput. 7 (2011) 1344.
[26] A.V. Malyshev, V.A. Malyshev, F. Domı´nguez-Adame, DNA-based tunable THz oscillator, Journal
of Luminescence 129 (2009) 1779.
[27] S. Tornow, R. Bulla, F.B. Anders, and G. Zwicknagl, Multiple-charge transfer and trapping in
DNA dimers, Phys. Rev. B 82 (2010) 195106.
[28] K. Lambropoulos, K. Kaklamanis, G. Georgiadis and C. Simserides, THz and above THz electron
or hole oscillations in DNA dimers and trimers, Ann. Phys. (Berlin) 526 (2014) 249.
[29] ISO 20473 specifies: Near-Infrared (NIR) 0.78 - 3 µm, Mid-Infrared (MIR) 3-50 µm, Far-Infrared
(FIR) 50-1000 µm.
[30] X. Yin, B.W.-H Ng, and D. Abbott, Chapter 2: Terahertz Sources and Detectors, in Terahertz
Imaging for Biomedical Applications: Pattern Recognition and Tomographic Reconstruction,
Springer Science+Business Media, LLC 2012, http://www.springer.com/978-1-4614-1820-7,
ISBN 978-1-4614-1820-7 e-ISBN 978-1-4614-1821-4, (Springer, New York, Dordrecht, Heidelberg,
London, 2012).
[31] K. Lambropoulos, Charge transfer in small DNA segments: description at the base-pair level,
Diploma thesis, National and Kapodistrian University of Athens, Greece, 2014.
[32] Hao Wang, J.P. Lewis, and O.F. Sankey, Band-Gap Tunneling States in DNA, Phys. Rev. Lett.
93 (2004) 016401.
[33] B. Giese, J. Amaudrut, A.-K. Kohler, M. Spormann and S. Wessely, Direct observation of hole
transfer through DNA by hopping between adenine bases and by tunnelling, Nature 412 (2001)
318.
[34] C.J. Murphy, M.R. Arkin, Y. Jenkins, N.D. Ghatlia, S.H. Bossmann, N.J. Turro, J.K. Barton,
Long-Range Photoinduced Electron Transfer Through a DNA Helix, Science 262 (1993) 1025.
[35] M.R. Arkin, E.D.A. Stemp, R.E. Holmlin, J.K. Barton, A. Hormann, E.J.C. Olson, P.F. Barbara,
Rates of DNA-Mediated Electron Transfer Between Metallointercalators, Science 273 (1996)
475.
[36] B. Giese, S. Wessely, M. Spormann, U. Lindemann, E. Meggers, and M.E. Michel-Beyerle, On the
Mechanism of Long-Range Electron Transfer through DNA, Angew. Chem. Int. Ed. 38 (1999)
996.
[37] G. Cuniberti, E. Macia´, A. Rodr´ıguez, R.A. Ro¨mer, Chapter 1, Tight-Binding Modeling of Charge
Migration in DNA Devices, in the book Charge Migration in DNA: Perspectives from Physics,
Chemistry, and Biology, edited by T. Chakraborty, Springer Berlin Heidelberg New York (2007)
[38] E. Macia´ Barber, Chapter 6, The Aperiodic Crystal of Life, in Aperiodic Structures in Condensed
Matter, Fundamentals and Applications, CRC Press, Taylor and Francis Group, LLC 2009,
ISBN-13: 978-1-4200-6827-6.
[39] K. Lambropoulos, K. Kaklamanis, G. Georgiadis, M. Theodorakou, M. Chatzieleftheriou, M. Tassi,
A. Morphis, and C. Simserides, THz oscillations in DNA monomers, dimers and trimers, in
Proceedings of PIERS (2015) (Progress in Electromagnetics Research Symposium), Prague,
Czech Republic (The Electromagnetics Academy, Cambridge, MA, 2015), pp. 879-883.
[40] K. Kaklamanis, Charge transfer in small DNA segments: description at the single-base level,
Diploma thesis, National and Kapodistrian University of Athens, Greece, 2015.
[41] L. G. D. Hawke, G. Kalosakas and C. Simserides, Electronic parameters for charge transfer along
Wire and extended ladder model predict THz oscillations... 32
DNA, Eur. Phys. J. E, 32 (2010) 291. ibid., Erratum to: Electronic parameters for charge
transfer along DNA, 34 (2011) 118.
[42] H. Mehrez and M. P. Anantram, Interbase electronic coupling for transport through DNA, Phys.
Rev. B 71 (2005) 115405.
[43] R. Berera, R. van Grondelle, and J. T. M. Kennis, Ultrafast transient absorption spectroscopy:
principles and application to photosynthetic systems, Photosynth. Res. 101, 105 (2009).
[44] N. Gorczak, N. Renaud, S. Tarkuc¸, A. J. Houtepen, R. Eelkema, L. D. A. Siebbeles, and F.
C. Grozema, Charge transfer versus molecular conductance: molecular orbital symmetry turns
quantum interference rules upside down, Chem. Sci. 6, 4196 (2015).
[45] C. E. Crespo-Herna`ndez, B. Cohen, and B. Kohler, Base stacking controls excited-state dynamics
in A-T DNA, Nature 436, 1141 (2005).
[46] E.L. Albuquerque, U.L. Fulco, V.N. Freire, E.W.S. Caetano, M.L. Lyra, F.A.B.F. de Moura, DNA-
based nanobiostructured devices: The role of quasiperiodicity and correlation effects, Physics
Reports 535 (2014) 139.
[47] G. Cuniberti, E. Macia´, A. Rodr´ıguez, and R.A. Ro¨mer, Chapter: Tight-Binding Modeling of
Charge Migration in DNA Devices, pp. 1-20 in T. Chakraborty (editor), Charge Migration
in DNA Perspectives from Physics, Chemistry, and Biology, 2007, Springer-Verlag Berlin
Heidelberg.
[48] C. Simserides, 2016, Quantum Optics and Lasers. Athens: Hellenic Academic Libraries
Link. (http://hdl.handle.net/11419/2108) License: Attribution - Non-Commercial
- No Derivatives. URI: http://hdl.handle.net/11419/2108 ISBN: 978-960-603-073-4
http://repository.kallipos.gr/handle/11419/2108?locale=en
